Summary In this study we have investigated the interaction of caffeine, a prototypic methylxanthine, and TNF on the induction of cell death in mouse and human cell lines during progression from G, to successive phases of the cell cycle. Exposure of cells to TNF (0.1-100 ng ml-) as single agent for 48 h caused low or no lethality. The rates of cell death increased significantly when cells cultured with TNF for 24 h were exposed to caffeine (2.5-20 mM). The magnitude of the enhancement by caffeine was TNF and caffeine dose-dependent. The most effective response to this combination was observed in the mouse cell lines, WEHI and L929, followed by the human cell lines, HeLa, A375 and MCF-7, respectively. In L929 cells, TNF treatment did not inhibit DNA synthesis during the first S phase of the cell cycle (20-24 h), but it did block the progress toward a second S phase, indicating the cells were arrested at G2 phase or mitosis. Caffeine had great enhancer effect on L929 cells exposed to TNF for 24 h, but the effect was reduced in cells with either less than 24 h or greater than 28 h of exposure. L929 cells stimulated with TNF died via apoptosis, as judged by both morphological criteria and the occurrence of internucleosomal DNA cleavage. Exposure of TNF-treated cells to caffeine caused a greater increase in the proportion of apoptotic cells as well as the extent of internucleosomal DNA fragmentation.
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Tumour necrosis factor-a (TNF) is both a secreted and a cell surface associated transmembrane protein made by macrophages, monocytes, lymphocytes and some malignant cell lines (Fiers, 1991) . TNF exerts a cytotoxic or cytostatic effect on a variety of different tumour cell types under both in vitro and in vivo conditions. The morphological mode of cell death induced by TNF can be either apoptosis or necrosis, depending on the TNF concentration, duration of exposure, the presence of metabolic inhibitors and the cell type (Laster et al., 1988) . The molecular mechanism of TNF-induced cell lysis is most likely through the generation of intracellular reactive oxygen species (Wong et al., 1989; Zimmerman et al., 1989) . It is conceivable that the direct interaction between these reactive substances with cellular components, including the DNA, leads to altered cellular function and death. There is also evidence that proteases (Suffys et al., 1988) , ADPribosylation (Agarwal et al., 1988) and topoisomerases (Baloch et al., 1990 ) might play active roles in the TNF cytotoxic mechanism.
The transition of quiescent cells into the proliferating phases: GI, S (DNA synthesis), G2 and M (mitosis), respectively, can be manipulated with certain chemicals and with genetic mutants (Pardee, 1991; Hartwell & Weinert, 1989) . Many mammalian cells with DNA damage are sensitive to chemicals that abolish G2 delay. It is presumed that G2 arrest allows cells to repair DNA lesions prior mitosis, thus preventing chromosome aberrations that are lethal (Hartwell & Weinert, 1989) . Caffeine exposure during G2 arrest induces mitosis before DNA repair is completed, resulting in enhanced cell killing (Lau & Pardee, 1982) . This effect has been well documented in various studies when ultraviolet light (Rauth, 1967) , X-ray (Busse et al., 1978) , or several alkylating agents (Lau & Pardee, 1982; Fingert et al., 1986; Schlegel & Pardee, 1987; Steinmann et al., 1991) were used in combinatiodi with caffeine or other methylxanthine analogues. The action of caffeine is indirect and apparently does not depend on changes in cAMP levels (Lau & Pardee, 1982) .
Various aspects of TNF-induced alterations in cell cycle progression, and consequently cell killing, have been studied previously (Darzynkiewicz et al., 1984; Coffman et al., 1989; Belizario & Dinarello, 1991) . One relevant alteration observed following TNF treatment is the growth arrest at G2 phase (Darzynkiewicz et al., 1984) . The arrest of cells at this phase or during G, phase (Belizario & Dinarello, 1991) apparently prevents or delays cell death processes, which are expected during mitosis (Darzynkiewicz et al., 1984; Coffman et al., 1989) . If this is correct, it should be possible to increase TNF-induced cell death by driving cells from G2 phase to mitosis with caffeine. Thus, the present experiments were undertaken to evaluate the possible interaction between TNF and caffeine throughout the cell cycle. Since mammalian cells vary widely in their intrinsic sensitivity to TNF, we have examined several human and rodent cell lines. To demonstrate the TNF and caffeine cell cycle specific manner of action, we have studied their effects in cells that were highly synchronised at GI phase of the cell cycle using the lovastatin method (Keyomarsi et al., 1991; Jakobisiak et al., 1991) .
Lovastatin, an antihyperlipodemic agent, competitively inhibits 3-hydroxy-3-methylglutaryl conenzyme A (HMGCoA) reductase, the enzyme required for conversion of HMG-CoA to mevalonic acid, an intermediate of the cholesterol biosynthetic pathway. In addition, it inhibits DNA replication, which is restored by the addition of mevalonic acid, with minimal overall metabolic perturbations to the cells (Keyomarsi et al., 1991 (Keyomarsi et al., 1991) with HEPES (final concentration 0.1 M). Subsequently the cells were washed twice with PBS and dispersed by trypsin-EDTA treatment. The number of cells per well was determined using a hemocytometer. Thereafter, cells were incubated with 5% trichloroacetic acid (TCA) for 30 min at 40C. The TCA pellet was collected after centrifugation and the cells washed once with cold alcohol. Monolayers were dissolved in 0.2 N NaOH and neutralised with HCI. Incorporated radioactivity was determined by liquid scintillation and the results expressed in d.p.m. per cells under the condition of the assay. All experiments were performed in duplicate and repeated at least three times.
Cytotoxicity assay
To measure the cytotoxicity of TNF with caffeine posttreatment, the cells (3-5 x 104 ml-') were dispensed into 96-well microtiter plates and incubated for 24 h. The next day, lovastatin was added and after 24 h, the medium was replaced with medium containing mevalonic acid (100 times the lovastatin concentration) and various concentrations of TNF. The cells were then incubated for an additional 20-24 h. Thereafter caffeine was added and cells returned to the incubator for another 20-24 h. The cells were then incubated for an additional 3-4h with 500figml-' of 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) (Sigma). The medium was carefully aspirated, and 100 fil of 2-propanol was added. The absorbance of each well was determined using a microplate reader. Reproducibility in the quadruplicate determinations was 5-15%. The percentage of cell survival was calculated as follows: % Cell Survival = [mean absorbance (untreated)/mean absorbance (TNF treated)] x 100. Dose-response curves were calculated from the percentage of cell survival vs concentrations of TNF.
Analysis of the log dose-response data were conducted using a microcomputer programme (Cricket Graph, Cricket Software, Malvern, PA). The LD50 was defined as the concentration of either TNF or caffeine necessary to produce 50% cell death.
Cell staining techniques Cells (3-5 x I04 cells ml-') were plated in four chamber slides. After synchronisation, the cells were treated with TNF for 20-24 h and then caffeine was added. At various times during the treatment, the medium was removed and cells incubated with 1 ml of 75 mM KCI. After 10 min, an equal volume of 3:1 methanol: acetic acid (v/v) was added and the incubation continued for an additional 10 min. Thereafter, the mixture was replaced with pure 3:1 methanol: acetic acid.
The fixed cells were then stained with 50 fig ml' of propidium iodide or 1 ttg ml-' of Hoechst 33342 dissolved in phosphate buffer containing 100 fg ml-' RNase A and 0.1% Triton X-100. Microscopic evaluation of stained cells was carried out using an Olympics fluorescence microscope.
DNA labelling and electrophoresis A 3'-end labelling method for DNA analysis was performed as described (Tilly et al., 1991 Figure 1 using the least squares method. Time (h) Figure 2 Figure 2 , DNA synthesis was slightly attenuated in cells growing in the presence of TNF. However, DNA synthesis in both control and TNF-treated cells reached a maximum at 15 h. Control cells reached the second S phase peak at 28 h, whereas DNA synthesis was inhibited in TNF-treated cells. Consistent with this finding, TNF-treated cultures failed to increase in number after 48 h, whereas the cell number of control cultures doubled (Figure 2) . Subsequent experiments were carried out to examine whether the duration of exposure to TNF was important in determining the synergistic interaction between TNF and caffeine. It was observed that the cytotoxicity was much less pronounced when L929 cells ( Figure 3a) were exposed to TNF for short periods (4-12 h), as compared with the standard period of 24 h (Figure 1) . Interestingly, the experiments also showed that cells became progressively insensitive to caffeine when the period of incubation was greater than 24 h ( Figure 3b ).
Next we examined whether the addition of TNF at advanced times along the G,/S phase period could change the patterns of response of cells to caffeine. This possibility was examined by giving TNF at 4, 8 or 12 h following the release from lovastatin block. The results (Figure 3c ) indicated that cells became less sensitive to the effects of TNF as they progressed throughout the cell cycle. Taken together, these findings suggest that L929 cells are much more sensitive to the effects of TNF during early G, phase (0-8 h). In contrast, cells treated with TNF during early GI phase are maximally susceptible to caffeine action during the time of transition from G2 to M phase of the cell cycle (22-26 h).
Apoptosis is the predominant mode of cell death induced by TNF and caffeine in L929 cells Apoptosis is readily identified by staining cells with DNAspecific dyes (Duvall & Wyllie, 1986; Arends et al., 1990; Gerschenson & Rotello, 1992) . In this study we have scored apoptotic cells on the basis of the condensation state of chromatin and the uniform compaction of condensed masses along the inner border of the nuclear membrane ( Figure 4 ). As shown in Table II , a significant number of apoptotic cells was identified among the population of cells treated with TNF alone for 30 h. The percentage of apoptotic cells increased from 27% to 53% and 67% when cells cultured with TNF for 24 h were exposed to caffeine (5 and 10 mM, respectively) for only 6 h (Table II) . Apoptosis was further confirmed by comparing the integrity of isolated cellular DNA by 3'-end labelling and agarose gel electrophoresis. The results showed ( Figure 5 ) that the characteristic DNA ladder pattern of apoptosis was induced by TNF in L929 cells and it was not present in the controls. Consistent with the morphological observations (Table II) , the experiments also showed that the addition of caffeine at concentrations of 5 mM and 10 mM induced a greater extent of DNA fragmentation and a higher proportion of low molecular weight fragments than that observed in cells treated with TNF alone.
Discussion
In this report we have shown that caffeine enhances the lethality of TNF when cells exposed to TNF for 24 h are then treated with various concentrations of caffeine.The synergistic interaction between these two agents on the induction of cell death was clearly observed in the cell lines WEHI, L929 and HeLa, but was less apparent in the cell lines A-375 and MCF-7 (Table I) . The mechanism by which TNF sensitises cells to the effects of caffeine is still unclear. There have been a number of studies showing that caffeine and other methylxanthine analogues potentiate the lethal action of the chemical agents, thiotepa (Fingert et al., 1986) , nitrogen mustard (Lau & Pardee, 1982; Fingert et al., 1986) , hydroxyurea (Steinmann et al., 1991) as well as the physical agents, ultraviolet light (Rauth, 1967) and radiation (Busse et al., 1978) . The common characteristic of these agents is their ability to induce DNA lesions that lead cells to arrest during S phase or G2 phase of the cell cycle. Evidence within the literature suggests that the exposure of cells to TNF results in the generation of free radicals and oxidative DNA damage (Wong et al., 1989; Zimmerman et al., 1989) and growth arrest at the G2 phase of the cell cycle (Darzynkiewicz et al., 1984) . Therefore, it is possible that the DNA damage and perturbations in the cell cycle induced by TNF may be the factors that sensitise cells to the effects of caffeine. Previous studies have demonstrated that the cytotoxic action of TNF (Darzynkiewicz et al., 1984; Coffman et al., 1989; Belizario & Dinarello, 1991) and caffeine (Lau & Pardee, 1982; Steinmann et al., 1991) is linked with the cell cycle. The results of experiments with L929 cells have also revealed that both the duration of exposure (Figure 3a,b) and the point in the cell cycle at which cells are exposed to TNF (Figure 3c ) and caffeine (Figure 3a, b) appear to influence greatly the response of cells to these agents. The finding that cells in early G, phase are more susceptible to the effects of TNF, as compared to cells in late G1 or early S phase (Figure  3c ), appears to be related to the time necessary for full (Schlegel & Pardee, 1987; Steinmann et al., 1991 (Wong & Goeddel, 1988) or gene transfection (Wong et al., 1989) (Figure 3b ).
Another mechanism known to affect cell survival is DNA repair capability. In this regard, it is interesting to note that murine cells have a reduced repair capacity compared to human cells (Bohr et al., 1986) . Furthermore, it is becoming clear that the control mechanisms to ensure the proper order of the cell cycle events (checkpoints) appear to be less stringent or relaxed in rodent compared to human cell lines (Kung et al., 1990) . More importantly, such differences profoundly affect their vulnerability to drug-induced mitotic aberrations and cytotoxicity (Kung et al., 1990; Steinmann et al., 1991 (Laster et al., 1988) . Cells die via necrosis quite early after extensive injuries to the plasma membrane and cellular organelles. In apoptosis, cell death is slow and occurs long after DNA degradation, the condensation of chromatin and its marginalisation at the edges of the nuclear membrane (Duvall & Wyllie, 1986; Arends et al., 1990) . Although apoptosis is a common event seen during normal embryonic development and tissue renewal, it can also occur after major perturbations in vital cellular processes caused by cytotoxic chemical agents (Barry et al., 1991; Sen & D'Incalci, 1992) .
The hallmark biochemical event in apoptosis is the cleavage of double-stranded DNA between nucleosomal units producing a typical ladder pattern of DNA fragmentation (Arends et al., 1990) . Because our results (Figure 4 and 5) are consistent with these criteria, we have concluded that apoptosis is the mode by which L929 cells, as well as WEHI and HeLa cells (unpublished observation), die in response to TNF. We have also obtained strong evidence suggesting that caffeine itself or its secondary mediator(s) act on molecules and/or reactions involved in this process to enhance the TNF lethality in L929 cells. Caffeine has diverse effects on many aspects of cell metabolism (Somani & Gupta, 1988) . Of particular relevance in the current context is the reported ability of caffeine to increase intracellular levels of Ca2+ and cAMP (Somani & Gupta, 1988) , induce chromatin condensatin (Schlegel & Pardee, 1987) , inhibit the DNA repair mechanism (Selby & Sancar, 1990) , bind to adenosine receptors (Daly et al., 1991) and activate p34cdC2 protein kinase (Steinmann et al., 1991) . All of these mediators and biochemical events directly or indirectly participate in various stages seen in apoptosis (Gerschenson & Rotello, 1992; Trump & Berezesky, 1992; Kizaki et al., 1990; Duvall & Wyllie, 1986; Arends et al., 1990) . Thus, we have postulated that caffeine may modulate or accelerate TNF cytotoxicity by altering the levels of cytosolic Ca2" and cAMP which may subsequently affect the activity of endonucleases, kinases or phosphatases required for apoptotic cell death.
Along with it cytotoxic effects in certain cancer cells, TNF plays a key role in the inflammatory process and immunity (Fiers, 1991) . Among other activities, this cytokine activates phagocytosis, induces degranulation and superoxide ion production in polymorphonuclear cells, and increases endothelial cell permeability. These events lead to a series of pathophysiological situations which may be detrimental or even lethal to the host if the production of TNF persists for a long time (Fiers, 1991) . It is of interest that caffeine and other methylxanthines reportedly suppress production of TNF (Dezube etal., 1990) and various aspects of the TNFmediated immune system cell functions (Zheng et al., 1990; Dezube et al., 1990; Fiers, 1991) . Therefore, it could be predicted that methylxanthines, while enhancing the cytotoxicity of TNF, may also reduce its undesired side effects. 
